Abstract. Multilayer antireflection coatings have been modeled in visible and IR (35µm) bands to reduce reflectance from glass, germanium (Ge), silicon (Si) and zinc selenide (ZnSe) substrates. The transmittance of bare glass substrate is around 95% whereas for Ge 64%, Si 70%, ZnSe 84%. Theses values are enhanced reasonably by the application of multilayers films. Starting from a single layer, the layers have been added systematically forming multilayer structures to reduce reflectance considerably with each increasing layer. The designed layers are optimized for their performance by varying their thickness and refractive indices. The analysis of these modals has shown that the proposed multilayer structures are very effective in reducing the reflectance for all the substrates in two spectra.
Introduction
Antireflection coatings have had the greatest impact on optics, and even today, in sheer volume of production, they still exceed all the other types of coatings. In some applications antireflection coatings are required for the reduction of surface reflections. In other not only reflection is reduced but also transmittance is increased considerably. As it is a known fact that radiations incident upon the surface of an optical material is separated into reflected, transmitted, absorbed and scattered fractions. The fraction of available energy that is distributed amongst these is determined by the indices of refraction. Antireflection coatings can range from a single layer having virtually zero reflectance at just one wavelength, to a multilayer system of many layers having virtually zero reflectance over a wide spectral range.
Theory of antireflection coatings
The simplest antireflection coating is a single layer deposited on a substrate [1] . To achieve antireflection properties, this layer depends on the cancellation of light at the upper and lower of the two surfaces. Assuming the refractive index of air as n 0, film as n 1 and that of substrate as n s, then in order to cancel the two reflected beams the intensity of the radiation reflected at the upper and lower surfaces of the coating should be equal which means that the ratios of the refractive indices at each boundary should be equal, that is:
This configuration will give only one minimum in the reflectance profile. For more minima, more layers are required. The same theory is used to calculate the expressions for two-and three-layers antireflection coatings [2] . Similarly, multiple layers are used to achieve more minima in reflectance profile for broadband antireflection coatings [3, 4] . We have modeled multilayer antireflection coatings for glass and infrared substrates. These coatings are modeled at a design wavelength of λ 0 = 0.55 µm for visible and λ 0 = 4µm for infrared substrates, respectively. Moreover all the designs have been optimized by varying the individual layer refractive index and thickness.
Multilayer matrix calculations
Matrix calculations determine the spectral transmittance and reflectance profile for multilayer structures on a substrate. Consider a loss free multilayer design, normally incident radiations, and assume that films are optically homogenous. The electric field vector (E m1 ) and magnetic field and the magnetic field vector (H m1 ) at the incident boundary of a film are related to the electric field vector E m and magnetic field vector H m vectors at the boundary of the adjacent film by the product of the following matrices per layer. The matrix is calculated at each boundary throughout the multilayer as the magnitude of electric and magnetic field vectors alter with the properties of the layer [5] . Application of the appropriate boundary conditions between each layer requires that the tangential components of E and H vectors are continuous across each boundary to the equations of wave propagation.
Let the electric and magnetic field vectors of the wave traveling in the direction of the incidence are 
Where η 1 is the tilted optical admittance given by Solving the above given expression [6] , the matrix expression for single layer is:
Where: cos δ m = A = D, isinδ m /η m = B, isinδ m η m = C For two successive layers:
After multiplication we have:
Therefore matrix is written as:
Therefore, for a multilayer containing q-layers: 
The reflectance, transmittance and absorptance are then related by R + T + A = 1. The solution of this matrix theory is a laborious job for multilayer coatings. Based on the matrix theory, we have developed a software program to design and simulate the performance of multilayer coatings [7] .
Modeling and analysis
Thin film materials are required to have certain characteristics to become a potential candidate for multilayer structures. This includes high transparency, homogeneity, high packing density, good adhesion, low stress, hardness and ability to survive in different environmental and deposition conditions [8, 9] . These materials are then used to reduce reflection from the surfaces, which are basically caused by the sharp variation of the refractive index at the incident medium-substrate interface. Multilayer coating structures based on those materials have wide band of applications in electronics, optoelectronics, optics and optoelectronics equipments.
(A) visible region: The reflectance from the surface of bare glass substrate is 4.2%. Starting from single layer reflectance is reduced by application of five layers. The design data and reflectance values for all these designs are given in table 1. Initially single layer of MgF 2 has been employed to reduce the magnitude of this reflectance. The maximum reflectance from the substrate has reduced from 4.2% to 2.2%, with reduction in average reflectance to 1.65%. For a single layer coating only one minimum is achievable. Two layer coating comprising MgF 2 and Al 2 O 3 (Air/MgF 2 /Al 2 O 3 /Glass) has been designed to further reduce the reflectance obtained by single layer configuration. In this configuration we have two distinct minima of reflection as compared to one for single layer. Earlier we had a maximum reflectance of 2.26%, which has reduced to 1.77% by the addition of second layer. Further the average reflectance has gone down to 1.02%. The reflectance profile of three-layer coating comprising of SiO 2 , HfO 2 , and MgO (Air/SiO 2 / HfO 2 /MgO/Glass) is more effective than the previous two designs. SiO 2 is very low index material with a value of 1.46 in the visible spectrum, and HfO 2 has a moderately high index of nearly 2.0 with a good environmental durability [9] . The maximum reflectance from the substrate has further reduced to 1.37% with average reflectance to 0.91%. Therefore, the performance of the coating is further improved by the addition of third layer. The reflectance is further reduced by four-layer design comprising MgF 2 , ZrO 2 , Al 2 O 3 and MgF 2 (Air/MgF 2 /ZrO 2 /Al 2 O 3 / MgF 2 /Glass). A slight increase in reflectance at the edges of the band can be seen, but the important feature of this design is the zero reflectance at two spectral points. In this case maximum and average reflectance has appreciably reduced to 1.28% and 0.45%, respectively. On the application of the fifth layer in the model (Air/MgF 2 / ZrO 2 /Al 2 O 3 /Cryolite/MgF 2 /Glass) maximum and average reflectance further reduced to 1.11% and 0.42% respectively. The combined reflectance plot of the five configurations is shown in Fig. 1 . This application of multiple layers encourages the use of multi-layers to achieve wide transmission bands. By increasing number of lay- [11] , the reflectance from the substrate can be reduced to a reasonably low value. In other words the transmittance through the substrate can be increased substantially. It should be noted from Fig. 1 that decrease is pretty sharp up to the addition of fourth layer. How ever, the magnitude of reduction in reflectance with the addition of fifth layer is very small. This may suggest the threshold limit for multilayer configuration in which performance requirements are not very stringent.
(B) infrared region: Ge, Si and ZnSe have been used as substrates material as they are commonly used in 35µm band for many optical and electro-optical applications [1217] . All these substrates exhibit a very high reflectance value in the said spectrum. In most of the applications, this high value of reflectance is not acceptable as it reduces the total energy reaching the detector surface with every increasing optical component in the system or device. Therefore, it is necessary to reduce their surface reflectance by appling ARCs. The materials used as film layers are ZrO 2, Si, SiO, CdTe, BaF 2 , ZnSe, Y 2 O 3 and SiO 2 , LaF 3 and YF 2 . All these materials are suitable for antireflection films in the desired region of wavelength [18] .
The reflectance of bare germanium substrate in 35µm is 36%. Multilayer coatings can be used to reduce this value to an appreciably low level [19] . We have modeled such coatings on germanium substrate at a design wavelength of 4µm. The process starts from a single layer model, and the layers are increased to reduce the value of maximum and average reflectance over the desired band. Table 2 shows the model data and calculated values of maximum and average reflectance over the entire band for a single layer modal. The data shows that the maximum and average value of reflectance has decreased form 36% to 12.36% and 2.97% respectively. The combined reflectance plot of all the four designs is shown in Fig. 2 . We have adopted an approach of smooth transition of layer indices with every increasing layer in all models, starting from incidence medium right up to the substrate. This approach helps in avoiding sharp interfaces between the layers, helping in smooth reduction of reflectance from the surface of the substrate. The Fig. 2 clearly shows the reduction of peak and average values with increasing number of layers.
The reflectance from bare silicon substrate surface is 30%. This value is lower as compared to the germanium, as it has got a lower refractive index in the given spectrum. Similar procedure of layer addition has been employed to model and analyze multilayer structures for reducing reflectance from the substrate. Table 3 shows the model data with maximum and average values of reflectance for all configurations. Fig. 3 shows the combined plots for one, two, three and four layer configura- tions. The trend in the reduction of reflectance for all the configurations is similar to that for germanium. However, in this case the performance for three and four layer configurations is even better and the curves are more flat and comparatively closer to the horizontal axis. Only two materials are used in four layers configuration. This shows that proper optimization not only helps in getting good performances but also tend to reduce unnecessary variety of materials which is very critical in manufacturing process. The reflectance of bare ZnSe substrate is 16.81%. Multilayer antireflection coatings are employed on the substrate to drastically lower this value. Table 4 shows the model data and calculated values of maximum and average reflectance for single, two, three and four layer structures to reduce the reflectance from the substrate. Fig. 4 shows the combined plots of all the configurations. The sharp fall in the reflectance values is observed, even with single layer coating configuration due to low index under lying surface. 
Conclusions
Multilayer antireflection coatings in visible and IR (3 5µm) have been modeled, starting from single layer up to five layer configuration. The performance of each successive configuration has been optimized in order to demonstrate efficient use of multiple layers for antireflection applications. The analysis of these designs reveal that by increasing number of layers in a judicious manner with suitable refractive indices and thickness, the maximum and average reflectance from the surface of the substrate can be decreased to very low magnitudes . 
